Fluoride (F) is an important element for the mineralization of body tissues. The purpose of this study was to administer fluoride prenatally to rats to evaluate its beneficial concentration for rat bone using microstructural analysis, to analyze its effect on the bone structure, and to evaluate the effect of its transfer through rat placenta. Fourier transform infrared spectroscopy (FTIR) and nuclear magnetic resonance spectrometry (NMR) were performed. The
Introduction
The fluoridation of community drinking water is considered one of the ten most important public health achievements of the 20th century [1] and the most costeffective of all the community-based dental caries prevention methods [2] . Despite its documented effectiveness in preventing dental caries [3, 4] , however, the effects of continuous systemic fluoride (F) use are not completely understood. Specifically, the effects of different fluoride concentrations on enamel and dentin mineral are unknown.
According to the World Health Organization (WHO) standards, the permissible level of fluoride in drinking water is 1 ppm [5] . The wide use of fluoride in drinking water (at an approximately 1 ppm concentration) and in dental products is beneficial for reducing dental caries [6] . The protective effect of fluoride against dental caries is usually attributed to its capacity to influence enamel formation in such a way that the enamel surface becomes more resistant to acid dissolution. Caldera et al. [7] reported the presence of fluoride in 70 and 40 % of deciduous teeth, respectively, after pre-and postnatal use only of fluoride supplements.
Babeaux and Zipkin [8] did not observe differences in the calcium and phosphorus contents of the bone ash of human beings who had drunk water containing up to 4 ppm fluoride. Eanes and Meyer [9] have shown the same in vitro in the case of octacalcium phosphate (OmaCP), which can occur as a transitional crystalline phase in invitro apatite formation. Grynpas and Rey [10] showed that fluoride influences the bone crystal structure, and it is feasible to postulate that fluoride may also influence the tooth apatite crystals. Vieira et al. [11] showed a correlation between the tooth fluoride concentration and the crystallite size. Baud et al. [12] showed that in the bone, substantial increases in the width of apatite crystal and lattice perfection accompany fluoride uptake. Sakong et al. [13] suggested that 1 ppm fluoride could increase the surface microhardness and calcium content of the bone better than 10 and 100 ppm fluoride could. No information relating to the tooth fluoride concentration and the tooth (enamel and dentin) crystallite size, however, is currently available.
One of the most important advantages of solid-state nuclear magnetic resonance spectrometry (NMR) is the ability to directly observe any element in its chemical environment in the sample under study, irrespective of whether the sample is crystalline or not [14] . In the bone, it is possible to observe the environment of a phosphorous or carbon atom and to determine whether the atom occupies a position associated with a hydroxyapatite lattice of another lattice type or it is a disorder around a lattice position [15] . NMR is thus useful in providing structural information that may not be obtainable from Xray diffraction (XRD) either because the material does not have definite resolved diffraction peaks or because phases are present in quantities too small to be detected by Xrays. NMR also provides information about the presence and mobility of hydrogen atoms that are not detectable by XRD. Lee et al. [16] suggested that NMR could be a helpful adjunct to XRD in ascertaining the state of digenesis of archaeological bone. Studies of
19
F NMR in fluoridated bone mineral have been carried out. Previously, Ebifegha et al. [17] observed weak and rapidly decaying FID and echo signals in fluoridated rat bone powder. Gelman and Code [18] argued that the 19 F spins in bone mineral typically experience weaker heteronuclear dipolar coupling than those in the mineral hydroxyapatite, which is often considered a prototype of bone mineral. Pan [19] reported that at fluoride-treated hydroxyapatite, the bone showed the formation of HA with a surface coverage of less than one unit cell layer.
Thus, the purpose of this study was to prenatally administer fluoride to rats to evaluate its beneficial concentration for the bone using microstructural analysis, and to analyze the effect of fluoride on the bone structure.
Materials and Methods

Animals and Grouping
Fifteen 8-week-old female rats (initial average weight: 180-200 g) were randomly divided into five groups (one control group and four experimental groups), with three rats in each group. They were mated with 10-week-old male rats (1:1). During the mating period, redistilled water was administered to the control group while redistilled water containing 1/10/20/100 ppm fluoride was administered to the experimental groups. After delivery, the litters were housed along with their mothers for 3 weeks, and were then housed for another week following separation. At 4 weeks after delivery, all the young rats were sacrificed, and their femurs were extracted.
Microstructural analysis: NMR
31
P and
19
F NMR analyses were carried out using a spectrometer (400 MHz Solid-State FT-NMR Spectrometer, DSX 400 MHz, Bruker Analytische GmbH, Germany) equipped with a 5 mm fast-spinning probe. The magicangle spinning rate was 12 kHz. The F and P chemical shifts were referenced to an external solution of C 6 F 6 and 85 % H 3 PO 4 (0 ppm), respectively. The 31 P NMR spectrum of synthetic Ca 5 (PO 4 ) 3 F 0.25 OH 0.75 was noted.
The spectral resonance frequency (V0) was calculated via NMR using the following formula: r = gyromagnetic ratio B0 = magnetic field strength
The chemical shift (ppm) was also calculated using the following formula:
Chemical shift (ppm) = × 1,000,000 
Microstructural analysis The
19
F NMR spectrum showed around 80-90 ppm resonance (Fig. 1) . These peaks were assigned to the hydroxyapatite with low fluoride substitutions, and indicated the presence of fluorine in the apatite. All the peaks were broad and could not be compared using the naked eye according to the concentration of the administered fluoride.
The total peak areas decreased with increasing concentrations of administered prenatal fluoride (Fig. 2) . The spectra became sharper when the concentrations increased, and became broader with decreasing intensity peaks at 100 ppm.
The 31 P NMR spectra showed around 4 and 7 ppm resonances (Fig. 3) . These peaks indicated the presence of at least two different phosphate species in the apatite. The small shoulder peaks (around 4 ppm) collapsed with the increasing concentrations of administered prenatal fluoride, and the 1, 10, and 20 ppm groups had similar tendencies. The total peak areas also increased with increasing concentrations of administered prenatal fluoride (Fig. 4) .
The spectra sharpened with increased peak intensities when the concentration of the administrated prenatal fluoride increased, and became broader with decreased intensity peaks at 100 ppm.
Discussion
Fluoride is important for bone health and plays an important role in normal bone mineralization. The current research is focused on the possible role of prenatal fluoride in relation to the placental barriers. Although it has been conclusively demonstrated in different species that fluoride crosses the placental barrier and is taken up by the fetal tissues, the literature concerning fluoride transfer and feto-maternal metabolism remains contradictory [20] [21] [22] . The fluoride-induced increase in the crystallinity of bone apatite may be accompanied by a drop in the effective surface area per unit of mass. Eanes and Hailer [23] suggested that the fluoride ions stimulate seed crystal growth in an anisotropic manner, similar to that observed in the adult human bone apatite. This finding suggests that the latter growth in vivo was partly the consequence of the direct fluoride ion-mineral interactions.
As noted above, NMR data are useful for obtaining structural information that may be unavailable from XRD data either because the material does not give sharp resolved diffraction peaks or because the quantities of the phases are too small to be detected via XRD. Furthermore, NMR data provide information about the presence and mobility of hydrogen atoms, which cannot be detected by XRD. Therefore, the magic-angle spinning NMR techniques, which have been very useful for many systems, were used in this study. Pan [24] reported that the application on fluoride-treated hydroxyapatite, the principal inorganic constituent of the dental enamel and dentine, showed the formation of fluorohydroxyapatite with less than one unit cell layer surface coverage.
In the experiments that were conducted in this study,
19
F NMR peaks were assigned to hydroxyapatite (HA) with low fluoride substitution, which indicated the presence of fluorine in the apatite. Generally, the peak at around 58-59 ppm is assigned to fluorohydroxyapatite [25] . In this study, however, the 19 F NMR peaks were observed at around 80-90 ppm resonance. The spectra sharpened with the increase in the concentration of administered prenatal fluoride, whereas for the 100 ppm fluoride group, the spectra broadened and the intensity of the peak decreased.
The observed
F NMR signals suggested the existence of a fluoride ion in the apatite lattices because the NMR signal was caused by the fluoride ions coupled to the phosphate atoms and thus affected only the phosphate phase and not the phases of the other elements in the apatite.
The present findings demonstrated that fluoride crosses the placental barrier and is absorbed by the fetus. It is important to note that because the placenta is a physiological membrane, the amount of fluoride reaching the fetus would be dependent on the dose ingested during pregnancy. In other words, the results of this study suggest that all the changes induced by the direct incorporation of the fluoride ions into the apatite lattice, especially in the hydroxyapatite structures, carbonate, phosphate, and amide unit cell volume, were affected by the prenatal fluoride administration.
The aforementioned findings in the animal model presented herein, however, have limited human application. It is clear from the study results that fluoride is incorporated into the bone mineral with the administration of prenatal fluoride to the mother. Prospective and long-term studies are required to evaluate the changes in the bone mineral components caused by varying fluoride concentrations.
Conclusion
The
19
F NMR and
31
P NMR signals suggested the existence of fluoride ions in the apatite lattice because the NMR signal was caused by the fluoride ions coupled to the phosphate atoms and thus affected only the phosphate phase and not the phases of the other elements in the apatite. These results indicate that such incorporation of fluoride ions is related to the strengthening of the bone crystal structure. Consequently, the appropriate prenatal administration of fluoride can have a beneficial effect on the bone crystal structure owing to the placental fluoride transfer.
